X-ray powder and EDX phase analyses, thermal analyses, impedance spectroscopic measurements, and crystal structure determinations of selected phases are reported to highlight the structural and electric properties of the solid solutions Ag 10 Te 4 Br 3−x Cl x and Ag 10 Te 4 Br 3−y I y . Bromide can be partially substituted by chloride or iodide up to x = 1.6 and y = 0.2, respectively, without changes in the structural properties of the tetramorphic, ion-conducting Ag 10 Te 4 Br 3 . Results from X-ray powder phase analyses have been complemented by data of single crystal structure determinations of selected samples. At r. t. the fully ordered γ-Ag 10 Te 4 Br 3 structure type is realized in all chloride containing phases, but a partial iodide substitution leads to the stabilization of the disordered β -Ag 10 Te 4 Br 3 structure type. Impedance spectroscopic measurements reveal a significant increase by one order of magnitude of the r. t. silver ion conductivity of Ag 10 Te 4 Br 2.8 I 0.2 as compared with Ag 10 Te 4 Br 3 .
Introduction
Ion conductors play a crucial role in today's consumer electronics and data storage media. Especially silver ion conductors are drawn back into the focus of materials scientists due to their possible use in nonvolatile data storage devices. The extraordinarily high silver ion mobility and the associated fast reaction time for the formation of nano-sized metal spots in suitable media are one of the most favorable properties of these materials [1] . New developments of either materials and/or devices are necessary to satisfy the continuously increasing demand of capacity and storage speed in this field.
Recently we started a systematic exploration of the ternary systems silver-tellurium-halogen in order to prepare new ion-conducting compounds. On the quasibinary section Ag 2 Q (Q = chalcogenide except oxygen)-AgX (X = halide) two different classes of compounds with the general formulae Ag 5 Q 2 X and Ag 3 QX are known to date. Starting from Ag 5 Te 2 Cl [2 -4] a certain part of either the chalkogenide [5, 6] or the halide substructure [6, 7] can be substituted by lighter or heavier elements of the same group. This substitution takes place with retention of 0932-0776 / 07 / 0700-0955 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com the structural properties but influences the electrical properties of these compounds drastically. Compounds of the type Ag 3 SX (X = Cl, Br, I) [8 -10] were optimized by variation of the halide substructure concerning their total conductivities [11, 12] .
Last year we reported on the structural and physical properties of Ag 10 Te 4 Br 3 being the first representative of a formerly unseen class of ion conductors [13] . Ag 10 Te 4 Br 3 is the first compound containing any of the coinage metals M to enter the phase field M 2 Q-MX-Q. Four polymorphs have been characterized in the temperature range from 3 to 340 K [14] . Characteristic features from a topological point of view are 6 3 -telluride and 3.6.3.6-bromide nets (Kagomé-like). Covalently bonded polytelluride units (Te 4 units, formed by a Te 2 dumbbell and two additional telluride ions) are additional structural features, characteristic for this mixed conductor.
Silver(I) chalcogenide halides like the aforementioned Ag 3 SX − (X = I, Br, Cl) or Ag 5 Q 2 X-type (Q = S, Se, Te; X = Cl, Br) can be modified within their anion substructures by a partial substitution of the chalcogenide, as well as the halide part. With retention of the structural properties of the different polymorphs, the phase transition temperatures are adjustable over a wide range. The high-temperature phases, characterized by high ion conductivities, can be stabilized at temperatures around and below r. t. under certain circumstances. After the discovery of Ag 10 Te 4 Br 3 the question arose whether the aforementioned findings can be transferred to the new class of silver(I) polychalcogenide halides.
Results and Discussion
Extensive preparative work was performed to check the possibility of a halide substitution in Ag 10 Te 4 Br 3 . Within the halide part of the anion substructure it is possible to realize solid solutions by a partial substitution of bromide by chloride or iodide. In order to verify the influence of this partial substitution on the physical and structural properties in Ag 10 Te 4 Br 3 , we have studied the solid solutions Ag 10 Te 4 Br 3−x Cl x and Ag 10 Te 4 Br 3−y I y by thermal analysis (DSC), X-ray powder diffraction phase analysis, single crystal X-ray structure determinations, and impedance spectroscopy.
Thermal analyses
DSC measurements of selected compounds were by iodide led to a completely different trend. Even with a substitution degree of y = 0.1 the δ − γ transition cannot be observed any more in the investigated temperature range down to 113 K. With an increasing iodide content the γ − β and β − α transitions are shifted towards lower temperatures. This finding can be directly correlated with the differences in size and polarizability of the halides. Starting with a low polarizability and a small size of the chloride in relation to the bromide ions, a lower tendency of the silver ions to interpenetrate the halide nets in the result of Br/Cl substitution. In contrast, only a very small amount of highly polarizable and large iodide is enough to significantly increase the permeability of the halide nets. As a result, the temperature for the order-disorder β -phase transition is reduced drastically by this partial substitution.
X-Ray powder phase analyses
Phase analyses of the solid solutions Ag 10 Te 4 Br 3−x Cl x and Ag 10 Te 4 Br 3−y I y were performed in order to examine the maximum obtainable degrees of substitution and to identify the r. t. polymorphs realized in the process. Phase purity of the samples was achieved up to the maximum substitution In the system Ag 10 Te 4 Br 3−y I y the maximum degree of substitution is y = 0.2 (Table 2) .
This value is much lower than the respective one for Ag 10 Te 4 Br 3−x Cl x . Nevertheless the detected phase transition around r. t., from the ordered γ-Ag 10 Te 4 Br 3 -type to the disordered β -Ag 10 Te 4 Br 3 -type, has also been substantiated by the phase analyses.
Even for a value of y = 0.1 with a γ − β phase transition temperature of 300(1) K the β -type was detected by X-ray phase analysis. Table 2 summarizes the lattice parameters for the different representatives of the solid solutions.
Focussing on the ion conductivity performance the stabilization of the highly disordered β -phase at r. t. is the key finding of this halide substitution study. A significant change in the electrical properties can be expected for the substituted phases. In order to support the aforementioned results, single crystal structure determinations of selected compounds and a determina-tion of the partial ionic conductivity of the maximally substituted iodide phase were performed.
Single crystal X-ray structure determinations
In order to substantiate the results from X-ray powder phase analyses, single crystals of representative solid solutions were selected for r. t. X-ray structure determinations. Suitable single crystals were isolated from the bulk phases with the nominal compositions Ag 10 Te 4 Br 2 Cl and Ag 10 Te 4 Br 2.8 I 0.2 . The lattice parameters and cell volumes derived from the IPDS II diffractometer data (see Table 3 ) were compared with the lattice parameters derived from phase analyses, always keeping the systematic errors for both methods in mind. The composition of the chloride-containing crystal appeared to be close to Ag 10 Te 4 Br 2.6 Cl 0.4 while the iodide-containing crystal showed an excellent match for the maximally substituted phase Ag 10 Te 4 Br 2.8 I 0.2 . A small deviation of composition from one crystal to another of the same reaction batch was found by EDX analyses. Examples for different batches are given in Table 9 in the Experimental Section. This finding is typical for solid solutions and can only be avoided by time-consuming homogenization and annealing processes.
After correction for Lorentz polarization and absorption effects a structure refinement was carried out on the basis of the γ-and β -Ag 10 Te 4 Br 3 structure types [14] . Following the general refinement procedure for compounds with highly disordered ions, a non-harmonic approach [15 -18] for the distribution of the silver ions was applied to some silver positions. This approach is well suited for materials characterized by disorder phenomena and is regularly used for the description of the ion distribution in ion conductors [4 -6, 19] . Atomic coordinates of the nonharmonically refined positions, often called mode positions, are marked with a suffix m, representing the maximum of probability density. In the final refinement stages the site occupancy factors of all halide positions were refined with mixed halide occupancy, restricted only to an overall full occupancy for each position. A selection of crystallographic data is summarized in Table 3 . Atomic coordinates, site occupancy factors and displacement parameters are given in Ta A detailed description of the structural features can be found in references [13, 14] and only a brief summary is given in the caption of Fig. 3 , where a schematic overview of the four known polymorphs of the Ag 10 Te 4 Br 3 -type is given.
In the ordered γ-phase silver is distributed around the tellurium substructure and the halide substructure acts as a separator for the silver ions, leading to a predominantly 2-dimensional silver mobility along the 6 3 Te nets. Silver is also located in direct neighbourhood to the Te 4 Mode positions (suffix m) were derived from the single probability density function (pdf) of the respective position. They represent the maximum of probability to find an atom in a certain volume element.
the two high-temperature polymorphs the situation changes and a partial 3-dimensional distribution and interpenetration of silver through the Kagomé Br nets occurs. In addition a structural frustration of the aforementioned Te 4 units results due to the loss of the linearly coordinating silver along the ∞ 1 [Te 4 Ag] strands.
The substitution within the halide substructure leads to a retention of the structural features of the ternary phases. In good accordance with the results from ther- (1) representing the region around the Kagomé-like 3.6.3.6 halide nets. The 2-dimensional silver distribution around the telluride substructure for the γ-type is accompanied by a partial 3-dimensional distribution for the β -Ag 10 Te 4 Br 3 structure type. Silver is interpenetrating the Kagomé nets in the β -phase. White sectors within the black halide spheres represent the amounts of chloride or iodide on these positions. Silver displacement parameters are drawn at the 90 % probability level. (Tables 4 and 5 ). All bond lengths are within the expected regions for Ag-Te, Ag-X (X = halide) and Te-Te bonds (Table 7) .
Impedance spectroscopy
Impedance measurements of Ag 10 Te 4 Br 2.8 I 0.2 were performed in order to investigate the influence of the substitution on the partial ionic conductivity (Table 8) .
For Ag 10 Te 4 Br 2.8 I 0.2 the silver ion conductivity shows an Arrhenius-type behaviour with a linear increase of conductivity with temperature in the regions of existence of the β -Ag 10 Te 4 Br 3 -as well as the α-Ag 10 Te 4 Br 3 -type (Fig. 4) .
A more drastic increase of conductivity takes place in the broad temperature range of the β − α phase transition where the exclusively 2-dimensional mobility along the telluride nets changes to a partially 3-dimensional mobility with a contribution of silver transport through the halide nets (see Fig. 5 ). This finding is in accordance with the observation for Ag 10 Te 4 Br 3 . Especially in the interesting region around r. t. an increase of about one order of magnitude can be observed as compared to the non-substituted ternary phase.
The activation energies are not significantly affected by the substitution as can be seen from the slopes of the respective impedance plots in Fig. 4 .
Conclusion
The halide substructure of tetramorphic Ag 10 Te 4 Br 3 can be partially substituted by chloride or iodide ions up to maximum substitution degrees of x = 1.6 for Ag 10 
Experimental Section

Synthesis
The solid solutions were prepared from mixtures (total mass approx. 1 g) of silver (Chempur, 99.9 %), tellurium (Chempur, 99.999 %), silver(I) chloride (AlfaAesar, 99.9 %), silver(I) bromide (Chempur, 99+ %) and silver(I) iodide (Sigma Aldrich, 99 %) in evacuated (p < 10 −3 mbar) silica ampoules. A one day heating stage at 1223 K was applied to the bulk samples and the hot ampoules were transferred to an ice bath afterwards. Three to five homogenization and annealing stages (at 613 K and 14 days for Ag 10 Te 4 Br 3−x Cl x and at 623 K and 21 days for Ag 10 Te 4 Br 3−y I y ) were passed in order to achieve phase purity for all samples.
RbAg 4 I 5 , used for electron blocking electrodes in the impedance spectroscopic measurements, was prepared by mixing AgI (Sigma Aldrich, 99 %) and RbI (AlfaAesar, 99.8 %) in a 4 : 1 molar ratio in evacuated silica ampoules, subsequent heating to 973 K and quenching in an ice bath. The phase-pure RbAg 4 I 5 was stored at 323 K prior to use and each electrode was prepared immediately before the measurements.
Thermal analyses
DSC measurements were performed using a Netzsch DSC 204t calorimeter under N 2 atmosphere in aluminium crucibles. Hg, In, Sn, Bi, Zn, and CsCl were used for calibration and a temperature accuracy of ±1 K could be estimated from the calibration measurements for onset values. A temperature range of 113 to 473 K was applied to each sample under discussion. The heating rate was 10 K min −1 in all cases. At least two consecutive runs were measured for each sample in order to check the reversibility of the observed effects. All results are derived from the second heating run for each sample. A standard deviation of ±2 K was estimated for the derived values at the peak maxima based on the signal broadening at this position.
Impedance spectroscopy
Partial ionic conductivities were measured using a symmetrical setup with two electron-blocking, but silver ionconducting electrodes (RbAg 4 I 5 ) according to the well known electrochemical concepts introduced by C. Wagner [20] and applied by many others since then [14, 21, 22] . Details about the electrode/sample setup are given elsewhere [14] . A cold-pressed pellet of Ag 10 Te 4 Br 2.8 I 0.2 was mounted to RbAg 4 I 5 electrode pellets and contacted via pressed silver powder to platinum electrodes to achieve a symmetrical electrode setup. The whole unit was mounted to a homemade measuring cell and was transferred to a Julabo MW4 tempering unit. A Solatron 1260 frequency response analyzer and a Solatron 1287 potentiostat were used to record impedance spectra under N 2 atmosphere in a temperature range between 301 and 433 K. Impedance spectra were recorded in the frequency range of 1 MHz to 0.1 Hz allowing 1 h of equilibration time between each set of measurements to achieve temperature constancy at the sample. After each set of impedance measurements for a certain temperature a dc measurement was carried out by applying a dc potential difference (±10 mV) and taking the steady state ionic current after 400 s. The resulting resistance was also used to calculate the ionic conductivity. Both ionic conductivities derived from the low frequency part of the impedance spectra and the dc steady state current agreed well within the estimated errors of the experiments.
X-Ray powder diffraction
X-Ray powder phase analysis was performed using a Stoe StadiP X-ray powder diffractometer operated with CuK α1 radiation (λ = 1.54051Å) and equipped with a linear 5 • position-sensitive detector (PSD). Silicon was used as external standard. All measurements were carried out at 298(1) K.
X-Ray single crystal structure analysis
Intensity data were collected on a Stoe IPDS II diffractometer with MoK α radiation (λ = 0.71073Å). All data sets were corrected for Lorentz, polarization and absorption effects.
The programs X-RED and X-SHAPE [23] were applied to optimize the crystal shape from symmetry-equivalent re-flections, in order to perform a numerical absorption correction. All space groups were derived from the systematic extinctions, and superstructure formation was excluded by a careful analysis of precession photographs. The structures were refined [24] using the γ-Ag 10 Te 4 Br 3 or β -Ag 10 Te 4 Br 3 structure types as models [14] by applying a non-harmonical Gram-Charlier approach for the description of parts of the highly disordered silver substructure.
Further details of the crystal structure determinations can be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de; http://www.fiz-informationsdienste.de/en/DB/icsd/ depot anforderung.html) on quoting the deposition numbers CSD-417995 (Ag 10 
EDX Measurements
Semiquantitative analyses of selected samples were carried out using a Leica 420i scanning electron microscope fitted with an energy-dispersive detector (EDX, Oxford). Silver, HgTe, KBr and KCl were used as calibration standards. A voltage of 20 kV was applied to the samples. A summary of the analyses is given in Table 9 . 62 (2) 24 (2) 3 (2) 11 (2) sample 4 57 (2) 25 (2) 9(2) 9(2) average 60 (2) 25 (2) 5 (2) 10 (2) 
